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Abstract 
We have synthesized A2-disordered Co2FeAl Heusler nano-alloy and observed giant 
magnetocaloric effect during the magnetic field induced magneto-structural phase transition 
(MST). The magnetic entropy change (-∆SM) shows a positive anomaly at 1252 K. The entropy 
change, -∆SM, is increased linearly with the magnetic field and a large value of ~15 J/Kg is detected 
under a moderate field of 1.4 T near the magneto-structural phase transition temperature (Tt). It 
leads to a net relative cooling power of 89 J/Kg for the change of magnetic field of 1.4 T. The 
Arrott plot explores the essential information of the nature of MST. This giant magnetocaloric 
effect is anticipated to be incorporated in magnetic refrigeration that will not only be an alternative 
of energy saving but also eco-friendly.   
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      Since decades, the tremendous efforts have been initiated to incorporate an alternating 
technology for refrigeration, which would replace the present gas compression/expansion method.  
In this regard, magnetic materials exhibiting giant magneto-caloric effect (MCE) would be 
promising [1]. Generally, giant MCE is coupled with the magneto-structural phase transition 
(MST). The materials which show the first-order magneto-structural phase transition (MST) are 
of great interest to the scientific community [2]. The mechanism behind the MST is not clearly 
known yet. Recently, substantial efforts are devoted to the study of Ni2MnZ (Z = Sn, In, Sb) 
Heusler alloys (HAs) which are known to exhibit a high-T, first-order martensitic phase transition 
from cubic austenite (high symmetry) to a low-T martensitic phase (low symmetry) of tetragonal, 
or orthorhombic symmetry [3, 4]. For understanding the difference between the cubic (austenite) 
and tetragonal (martensitic) structures, readers are referred to our theoretical papers and references 
therein [5-8]. The first-order martensitic transition causes numerous interesting properties like 
shape-memory, caloric effects, and magnetic superelasticity [4, 9-11]. The origin of such 
fascinating properties is attributed to the strong interaction between the magnetism and the crystal 
structure. Precisely, the crystallographic change at the martensitic transition can generate a large 
MCE, which can be used in cooling application. Fundamentally, magnetic refrigeration is based 
on the well-known phenomenon so-called magnetocaloric effect (MCE), which says that the 
temperature of a magnetic material will change by means of heating or cooling, when the material 
is subjected to a changing magnetic field [12]. At the time of development of such MCE materials 
for refrigerating application, one should optimize the two objectives: (i) primarily, achievement of 
high MCE = -∆SM as it is directly related to the material refrigerating power (RCP), over a large 
temperature range [13] and (ii) secondarily, material synthesis must be easy and cost effective. 
Apart from these, the tuning of transition temperature is also important parameter in the 
development of efficient magnetic refrigerator [12, 14]. Generally those materials, which unveil 
the conventional MCE, show the magnetic transitions of second order and the magnetic entropy 
change (-∆SM) will have contribution from the magnetic origin only [12, 14, 15]. On the other 
hand, MCE will be giant if first-order transition occurs [16-20], then -∆SM will also have a 
significant contribution from the lattice via latent heat [20, 21].  The giant MCE was reported first 
in Gd5(Si2Ge2) by J.D. Moore et al. [22], and V.K. Pecharsky et al. [16]. Thereafter, other materials 
were reported such as La(FexSi1-x)13/La(FeSi)13Hx [18, 23], and MnFeP1−xAsx [17]. Recently, 
Pareti et al. reported a giant magnetocaloric effect in ferromagnetic Ni2.19Mn0.81Ga Heusler alloy 
(HA). The maximum entropy change was -20 J/Kg-K for the field change of 0-1.6 T [24]. The 
ferromagnetic martensitic-transition (FMMT) is resulted due to the magneto-structural coupling 
between the structural and the magnetic transition, and extensively found in Fe/Mn based Heusler 
alloys [25-27]. Recently, few reports on magnetocaloric properties in Co-based alloys have been 
reported [28, 29]. These alloys exhibit second order phase transition and are found to be prominent 
for MCE application due to their broad working temperature range and very narrow 
magnetic/thermal hysteresis. Yogesh Srivastava et al. [30] reported on mechanically milled mixed 
phase (A2+B2) of Cr substituted Co2FeAl alloy. The comparison with our result is presented in 
results and discussion section. The investigation on magneto-structural transition (MST) from 
ferromagnetic (FM) to antiferromagnetic (AFM) and FM to PM states is very rare and limited in 
Co2-based nano-alloys, especially in Co2FeAl. Moreover, the reported information is focused only 
on fully ordered (i.e. L21) crystal structure of Co2-based Heusler system. The alloy with disordered 
crystal structures such as A2-disordered (or fully disordered) are not explored yet. We have 
recently reported a chemical synthesis of A2-disordered Co2FeAl (CFA) Heusler nano-alloys 
having particles with a mean diameter of 16 nm. Here it is revealed that by controlling the particles 
size one could tune the magnetic properties. Interestingly, a record magnetic moment and Curie 
temperature of 6.5 µB/f.u. and 1261 K, for CFA Heusler nano-alloy are reported among all HAs 
[31]. In this article, we report on its Ferromagnetic martensitic-transition (FMMT) effect 
accompanied with a large magnetic entropy change (-∆SM). The magnetic entropy change (-∆SM) 
is calculated from the Maxwell relationship. The results are comparable in magnitude to the 
reported results on La(FexSi1-x)13 [32], MnAs1-xSbx [19] and Gd5Si2Ge2 [33] alloys, which are 
extensively investigated recently and appreciated as potential materials for magnetic refrigeration.  
Co2FeAl Nano alloy was synthesized using chemical method as described in our previous report 
[31]. To study its magnetocaloric properties, sample was characterized using low-temperature (T) 
Physical Property Measurement System (PPMS), Cryogenic Limited, UK and high-T, Vibrating 
Sample Magnetometer (VSM), LAKESHORE, USA.  
 
      The temperature variation of magnetization (M) data were taken at H = 500 Oe, under zero 
field cooled (ZFC) and field cooled (FC) modes in the temperature range of (a) 4 - 300 K and (b) 
300 - 1273 K and plotted in FIG. 1. In zero field cooled (ZFC) mode, the sample was initially 
cooled from high temperature (T) to the low T of interest without applying a magnetic field (H) 
and data were collected in warming cycle with an applied field of 500 Oe. Thereafter sample was 
again cooled back to low T without removing the field and subsequently data was recorded, which 
is called the field cooled (FC) mode. On ZFC mode (see Fig. 1(a)), when temperature was 
increased from 4 K to 300 K, the magnetization (M) started increasing initially with respect to the 
temperature (T). This is due to the unlocking of moments frozen at low temperature. Thermal 
energy helps the moments to overcome the freezing and the moments are aligned in the direction 
of the magnetic field. Moreover, the splitting between the ZFC and FC curves at low T is observed, 
which may be due to the coexistence of the ferromagnetic and antiferromagnetic exchange 
interaction in the martensitic phase of Co2FeAl [34, 35]. To study the magneto responsive 
properties of Co2FeAl Nano-alloy, we present the magnetic field induced martensitic transition 
(MT) effect shown in Fig. 1(b). With increase of the temperature from 300 K to 1273 K, a sudden 
drop in magnetization (M) is occurred, which is suggesting the ferromagnetic to paramagnetic 
(FM-PM) phase transition. The high T austenite phase of CFA above 1261 K shows a paramagnetic 
(PM) behavior. Upon the cooling of the sample, the ferromagnetic martensitic phase is nucleated 
and grows in the paramagnetic austenite matrix. 
 
 
FIG. 1. Thermo-magnetization (TM) curves in the range of temperature: (a) 4 – 300 K and (b) 300 
– 1273 K. The data were taken under the zero field cooled (ZFC) and field cooled (FC) modes at 
H = 500 Oe for the Co2FeAl nano-alloy 
 
On the other hand, when sample was heated, reversible nature of the martensitic transition (MT) 
can be seen. It is noted that Tt represents the MT temperature, but not the Curie temperature (Tc) 
here (see FIG.1 (b). In the temperature range of 1261 - 1233 K, the metamagnetic nature at each 
temperature in low field which is marked by a blue arrow, exhibit a field induced martensitic 
transition. This observation is suggesting that the ferromagnetic martensitic phase is evolved by 
an applied magnetic field in the paramagnetic austenite matrix [27]. This feature of MT effect 
further suggests that the field controlled shape memory alloy in Co2FeAl system is also possible. 
This type of sharp magnetostructural transition, which is first order transition, is suggesting for a 
large magnetic entropy change (-∆SM) in CFA [11, 36]. Our argument is further supported by the 
significant thermal hysteresis (∆Thys), which clearly indicates that the transition around Tt is of 
first order in nature [37, 38]. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2. Isothermal magnetization curves up to a 1.4 Tesla magnetic field in the first quadrant at 
various temperatures for the Co2FeAl nanoalloy. 
 
Isothermal magnetization has been measured at various temperatures with a temperature interval 
of 2 K across the transition temperature Tt. Firstly, sample was cooled from 1273 K to the desired 
temperature of interest and then magnetic field was varied from 0 to 1.4 T. As observed from FIG. 
2, the magnetization (M) increases gradually up to 4000 Oe (0.4 T) and thereafter approaches 
towards a constant value which remains almost constant with the field increment up to 1.4 T. The 
large change in the magnetization M at 1251 K and 1253 K isotherms is indicating the possibility 
of large magnetocaloric effect in CFA nano-alloy around this temperature range.  
 
This argument was further supported by magnetization versus temperature data shown in Fig. 1, 
which indicated the phase transition, i.e., ferromagnetic-paramagnetic transition occurred in the 
temperature range of 1233 -1273 K.  
The magnetic entropy change ΔSM  is  calculated by using Maxwell relation [39]: 
 
          ∆𝑆𝑀 = S(T, H) − S(T, O) = ∫ (
𝜕𝑀
𝜕𝑇
)
𝐻
 dH                            (1)
𝐻
0
 
 
 
As the magnetization (M) data in experiment are only available at the discrete value of the 
temperature (T), the integral in this equation may be replaced by the summation. It can be 
understood from this equation that the magnetic entropy change (-∆SM) will be maximum only 
when ∂M/∂T is maximum. The sign of -∆SM is determined by the sign of ∂M/∂T. When it is 
positive, then called conventional MCE [40] observed in the vicinity of phase transition. The 
change in magnetic entropy (-∆SM) with respect to the temperature (T) is shown in FIG. 3. The -
∆SM show a positive anomaly at T=1252 K. A large value of -∆SM  = 15 J/Kg-K is detected for the 
change of magnetic field of 1.4 T.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3. Magnetic entropy change (-ΔSM) related with the magnetostructural transition for Co2FeAl 
nano-alloy.  
 
The obtained value of -ΔSM is comparable in magnitude with the peak value of giant inverse 
magnetocaloric material, Gd5Si2Ge2, which is very well known in the field of refrigeration [33], 
and it is much larger, i.e., at least thrice the peak value of pure Gd [33] of 5 J/Kg-K for the magnetic 
field change of 2 Tesla. Recently, Y. Srivastava et al. [30] reported an inverse MCE i.e. negative 
value of  magnetic entropy change (-∆SM) in mixed (A2+B2) disordered Co2CrAl/Co2FeAl 
Heusler alloys. They reported a magnetic entropy change (-∆SM) of -17.46 J/Kg-K for the magnetic 
field change of 2 T around the magnetic phase transition (second order) temperature of Tc = 900. 
K. T. Chabri et al. [40] worked on In doped Ni-Mn-Sn Heusler system, which is known for its two-
phase transitions: low temperature (T) first order martensitic (magneto-structural) and   high T 
austenite phase transitions. They reported giant MCE around martensitic phase transition of ∆SM 
= 24 J/Kg-K for the magnetic field change of 5 T. Moreover, the maximum values of ΔSM ~1.4 
J/Kg-K for the field change of 5 T near the second order ferromagnetic-paramagnetic transition 
was relatively small compared to the ΔSM value in the vicinity of the martensitic transition.  Among 
the cobalt based Heusler alloys [30], our results shows the larger or at least comparable with other 
MCE Heusler materials: Mn1-xCrxCoGe [41], MnCo1-xZrxGe [42] and Mn1-xAlxCoGe [43]. As seen 
from the curve, the ∆SM peak height is very sensitive to the change of magnetic field, ∆H. It 
increases linearly with respect to ∆H (see the inset of Fig. 3) and the width of the peak decreases.  
For further insight of FM-PM transition, we have plotted M2 versus H/M (Arrott plot) curve 
obtained from the magnetization isotherms near the FM-PM transition temperature, as shown in 
FIG. 4. The Arrott plot curves are nonlinear for different temperatures and the curvatures follow 
the same trend across the phase transition region as isothermal magnetization data shown in Fig. 
3. The S-nature of the magnetization curves clearly indicate the presence of higher order terms in 
the Landau free energy expansion [44], which is suggesting the presence of first order magneto- 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 4. (Color online) Arrott plots indicating the first order magnetostructural transition in 
Co2FeAl nano-alloy 
 
structural transition (FOMST) near Tt. Relative cooling power (RCP) is an important parameter to 
evaluate the usefulness of the material for magnetic refrigeration. This parameter is also used for 
a comparison with other MCE materials. It is a measure of amount of heat transferred between the 
hot and cold reservoirs in an ideal refrigeration cycle and defined as: RCP = -∆SM (max) x ∆TFWHM, 
where ∆TFWHM represents full width at half maximum of -∆SM curve [45]. The large value of 
relative cooling power (RCP) of 89 J/Kg was observed at the change of magnetic field of 1.4 T, 
which is signifying a large heat conversion capacity in a refrigeration cycle. In conclusion, we 
have investigated the magnetostructural phase transition and magnetocaloric effect in Co2FeAl 
Heusler nano alloy. The detailed study of magnetization revealed that the paramagnetic (Austenite) 
to ferromagnetic (martensite) magnetostructural phase transition is of the first order in nature. 
Owing to abrupt change in magnetization, Co2FeAl Heusler nano-alloy exhibit giant MCE near Tt, 
induced by FOMST. The observed peak value was superior or at least comparable with those of 
the other magnetocaloric materials on a comparison of peak heights. The importance of this 
material is not only because of the large MCE but also due to the cheap and easy synthesis process. 
The giant MCE effect in Co2FeAl nano-alloy will put an enormous impact on the realization of the 
magnetic refrigeration and magnetic field induced shape memory effect. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5 The dependence of relative cooling power (RCP) with magnetic field near the 
ferromagnetic-paramagnetic (FM-PM) transition temperature of Tc =1252 K. 
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